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The exploration of the strong-interaction matter under extreme conditions is one of
the main goals of relativistic heavy-ion collisions. We provide some of the main results
on the novel properties of quark-gluon plasma, with particular focus given to the strong
collectivity and the color opaqueness exhibited by such hot and dense matter produced
in high-energy nuclear collisions at RHIC and the LHC.
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1. Introduction
The study of QCD matter under extreme conditions of temperatures and densi-
ties is of great interest in the field of high-energy nuclear physics. The simulations
from lattice QCD have demonstrated that as the temperature of the QCD matter
is increased above a certain value Tc ∼ 155 MeV,1–3 quarks and gluons that are
confined in normal hadronic matter will be liberated, and form a novel state of
matter which is usually referred to as quark-gluon plasma (QGP). QGP is believed
to have existed at a few micro-microseconds after the Big Bang, when the temper-
ature of the Universe was so high that quarks and gluons could not bind together.
Such hot and dense nuclear matter may be created in the laboratories by colliding
two heavy nuclei at ultra-relativistic energies, such as those performed at the Rela-
tivistic Heavy-Ion Collider (RHIC) at Bookhaven National Laboratory (BNL) and
the Large Hadron Collider (LHC) at European Organization for Nuclear Research
(CERN). The main goal of high-energy heavy-ion experiments is to explore various
novel properties of the hot and dense QGP, and map out the phase structure of the
strong-interaction matter. With the center-of-mass collision energies up to 200 GeV
per nucleon pair at RHIC and more than one order of magnitude higher at the LHC,
the highest temperatures of the hot matter created in these experiments can reach
∼ 370 − 470 MeV,4–8 which is well above the transition temperature predicted by
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Fig. 1. (Color online) Illustration of different dynamical evolution stages in a typical heavy-ion
collision.
the lattice QCD calculations.1–3
Our current understanding of a typical heavy ion collision is schematically illus-
trated in Fig. 1. One starts from two fast-moving nuclei heading on each other. In
the laboratory frame, the two colliding nuclei look like pancakes due to the Lorentz
contraction. After two nuclei penetrate through each other, a large amount of en-
ergy is deposited in the central collision zone and a highly-excited nuclear matter is
produced. The produced matter experiences a pre-equilibrium evolution stage, and
then reaches (a certain degree of) local thermal equilibrium. The equilibrated hot
and dense QGP matter then expands like a relativistic fluid and cools down. When
the temperature/density of the fluid drops below a certain value, it undergoes a
transition from QGP to hadronic phase. The produced hadrons continue to inter-
act with each other until the kinetic freezout, and then fly to the detectors. One can
see that the deconfined color degrees of freedom in the QGP matter produced in
energetic heavy-ion collisions are not directly observable, but manifest in the final
state hadrons and other colorless objects. The essential task in the study of hot and
dense QGP using relativistic heavy-ion collisions is to find clear and unambiguous
connections between the produced QGP and the final (hadronic) observables, and
to identify reliable signatures for the formation of QGP.
Experimental results have shown that the QGP matter produced in these en-
ergetic nuclear collisions exhibits many remarkable properties that differ from any-
thing that has been seen before.9–15 On one hand, such hot and dense nuclear
matter shows strong (anisotropic) collective behavior. The successfulness of rela-
tivistic viscous hydrodynamics in the description of the space-time evolution of the
bulk matter, especially the observed anisotropic collective flow, indicates that the
produced QGP matter is strongly interacting and has very small specific shear vis-
cosity. On the other hand, the produced matter shows strong opaqueness to the
attenuation of high energy partons; this is usually called jet quenching. Model cal-
culations based on parton energy loss which originates from the interaction between
the propagating hard parton and the hot and dense QCD medium can explain quite
well many phenomena associated with hard jets. These and other exciting findings
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from RHIC and the LHC indicate that the studies of strong-interaction matter in
high energy nuclear collisions have entered a completely new era.
In this report, we mainly focus on two most important phenomena as men-
tioned above, i.e., anisotropic collective flow and jet quenching in relativistic nu-
clear collisions. In particular, we will discuss the recent efforts on the quantitative
determination of two important transport coefficients, namely, the shear viscosity
to entropy ratio (the specific shear viscosity) η/s and the scaled jet quenching pa-
rameter qˆ/T 3 (or qˆ/s), via systematic phenomenological studies of soft particles
produced from the bulk matter and high transverse momentum particles originat-
ing from hard partonic jets at RHIC and the LHC. The precise determination of
these two transport coefficients and their temperature dependences can provide us
a quantitative estimation of the interaction nature of the hot and dense nuclear
matter produced in heavy-ion collisions, e.g., how a weakly-coupled quark-gluon
matter at sufficiently high temperatures turns into a strongly-coupled relativistic
fluid at the energies achieved at RHIC and the LHC experiments.16
2. Collectivity and Fluidity of QGP
In a typical non-central nucleus-nucleus (A-A) collision, the produced hot and dense
nuclear matter is anisotropic in the plane transverse to the bean direction (see Fig.
2). This geometric anisotropy is usually quantified by the second-order eccentricity
2 = 〈y2 − x2〉/〈y2 + x2〉. Due to the interaction among the medium constituents,
the initial geometric anisotropy will be converted into the anisotropy of the final
state particle momentum distribution, which is usually quantified by the elliptic
flow coefficient v2 = 〈p2x−p2y〉/〈p2x+p2y〉.17–22 The observed large elliptic anisotropy
and the dynamical evolution of the hot and dense QGP matter have been well
described by the simulations from relativistic hydrodynamics.23–37 This has led to
the conclusion that at the energies achieved at RHIC and the LHC the produced
QGP is a strong-coupled nuclear matter, which behaves like a relativistic fluid.
2.1. Relativistic hydrodynamics and QGP viscosity
In relativistic hydrodynamics (with no net conserved charge), one solves the con-
servation equation for the energy-momentum tensor,
∂µT
µν = 0 , (1)
where Tµν(x) is given by
Tµν(x) = e(x)uµ(x)uν(x)− P (x)∆µν(x)−Π(x)∆µν(x) + piµν(x) . (2)
Here e(x) and P (x) are the local energy density and pressure of the fluid. u(x) =
γ[1,v(x)] is the local four-velocity (uµuµ = 1), and ∆
µν(x) = gµν − uµ(x)uν(x).
Π(x) and piµν(x) are the bulk pressure and the shear tensor. The first two terms
are for ideal hydrodynamics, and the last two terms are viscous corrections.
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Fig. 2. (Color online) Illustration a typical non-central heavy-ion collision in which the eccentric
shape of initial collision geometry is translated into the elliptic flow anisotropy in the final state
momentum space.
One can see that there are 5 independent variables in ideal hydrodynamics (e, P
and v), and 6 more unknowns in the viscous correction terms (Π and 5 independent
components for piµν). The evolution equation for the energy-momentum tensor ren-
ders 4 equations (for the energy density e and the fluid velocity v). The equation
of state (EoS) will relate the pressure to the energy density, P = P (e), which is
usually taken from lattice QCD calculation. For viscous hydrodynamics, additional
evolution equations for the bulk pressure and the shear tensor are needed. They
are usually obtained using the entropy principle, or derived from the kinetic the-
ory via the moment method or the gradient expansion.38–45 In the Israel-Stewart
theory,38,39 we have:
DΠ = − 1
τΠ
[
Π + ζ∂αu
α + ΠζT∂α
(
τΠ
2ζT
uα
)]
,
∆µα∆
ν
βDpi
αβ = − 1
τpi
[
piµν − 2ησµν + piµνηT∂α
(
τpi
2ηT
uα
)]
. (3)
Here D = uµ∂µ is the comoving derivative, σ
µν = 12 (∇µuν +∇νuµ)− 13∆µν∇αuα,
and ∇α = ∆αβ∂β is the local spatial derivative. ζ, η are bulk viscosity and shear
viscosity, and τΠ, τpi are the corresponding relaxation times. Currently most hydro-
dynamics calculations ignore the bulk viscosity effects since shear viscosity provides
the dominant contribution regarding the influence of the flow development in ultra-
relativistic heavy-ion collisions.46
In order to solve the relativistic hydrodynamics evolution equations, we need the
spatial distribution of the energy momentum tensor at the starting time τ0 of the
hydrodynamic evolution, which is usually obtained from various initial condition
models. After solving hydrodynamic equations, one may obtain the spectra of the
particles produced from the bulk matter according to the Coope-Frye description:47
E
dNi
d3p
=
dNi
d2pT dy
=
gi
(2pi)3
∫
Σ
pµdΣµ(x)fi(x, p) , (4)
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Fig. 3. (Color online) The pT spectra for pions, kaons and protons in Pb-Pb collisions at 2.76 ATeV
at the LHC. From top to bottom the curves are for 0-5%, 5-10%, 10-20%, 20-30%, 30-40%, 40-50%,
50-60%, 60-70%, 70-80% collision centralities (for clearer presentation, the spectra are multiplied
by a factor of 1000, 100, 10, 1, 0.1, 0.01, 0.001, 10−4 and 10−5, respectively). Theoretical curves
are from VISHNU48 and experimental data are from ALICE.49 The figures are taken from Ref.48
where dΣµ(x) is an infinitesimal element whose direction is normal to the hypersur-
face Σ(x), gi is the degeneracy factor, and fi(x, p) is the phase space distribution
of particle species i.
Fig. 3 shows the pT spectra for identified hadrons (pions, kaons and protons) in
Pb-Pb collisions at 2.76 ATeV at the LHC. Theoretical curves are from VISHNU
calculations48 and experimental data are from ALICE measurements.49 Here the
QGP specific shear viscosity η/s in VISHNU calculations is taken to be a constant
η/s = 0.16 and the corresponding relaxation time is set as τpi = 3η/(sT ). The equa-
tion of stateis taken from s95p-PCE parameterization which has been constructed
by matching the lattice QCD calculation at higher temperature to a chemically
frozen hadron resonance gas at lower temperature.50 The initial time for hydrody-
namic evolution is set to be τ0 = 0.9 fm/c, and the initial entropy density profiles
are generated from the MC-KLN model.51 One can see that except for the most
peripheral collisions, where one does not expect hydrodynamics model to work well,
the VISHNU model can provide a good description of the ALICE data for all three
particle species over a variety of the collision centralities.
Much of recent attention in the hydrodynamic studies of heavy-ion collisions has
been paid to the quantitative extraction of transport coefficients such as the shear
viscosity to entropy ratio η/s of the produced hot and dense QGP matter. Shear
viscosity reflects the ability of the matter to transport momentum between different
parts of the system. From kinetic theory, it is related to the mean free path λ or
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Fig. 4. (Color online) The integrated elliptic flow v2 for all charged hadrons scaled by the eccen-
tricity 2 in Au-Au collisions at 200 AGeV as a function of the charged hadron multiplicity per
unit overlap transverse area (from Ref.52).
the transport cross section σtr as: η =
1
3ρ〈p〉λ = 13 〈p〉/σtr, where 〈p〉 is the average
momentum carried by the matter constituents. Thus shear viscosity provides a
direct measure of the interaction strength among the matter constituents.
Fig. 4 shows an effort to extract the specific shear viscosity η/s from the charged
hadron elliptic flow v2 data in Au-Au collisions at RHIC.
52 The figure shows the
pT integrated elliptic flow v2 scaled by the initial eccentricity 2 as a function of
collision centrality [represented by the charged hadron multiplicity density per unit
overlap area (1/S)(dNch/dy)]. The theoretical curves are from the VISHNU cal-
culations52 using two different initial condition models: MC-Glauber53 (left panel)
and MC-KLN51 (right panel). The experimental data show the elliptic flow mea-
sured using two different methods: the event plane method 〈v2〉 and two-particle
correlation methodv2{2}.54,55 One can see that the centrality dependence of v2 can
be nicely reproduced by hydrodynamics calculation, and the presence of QGP shear
viscosity suppresses the development of v2. In the figure, both theoretical curves
and experimental data for v2 are normalized by 2 to narrow down the sensitivity
to the different experimental methods used for measuring v2. Since the magnitudes
of 2 differ by about 20% in two initial condition models, the experimental data are
shifted in two panels. Also due to the choice of different initial condition models,
the extracted value of QGP η/s has an uncertainty about a factor of 2-2.5.
2.2. Initial state density and geometry fluctuations
As has been shown, the knowledge of initial conditions, especially the geometry of
the collision zone, is essential for the quantitative extraction of the shear viscosity
of the QGP matter produced in heavy-ion collisions. For many years, most of the
dynamical descriptions based on realistic hydrodynamics utilized averaged, smooth
and symmetric initial density profiles (see Fig. 2). However, quantum fluctuations
exist in the earliest stages of the collisions, such as the fluctuations of nucleon
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Fig. 5. (Color online) The simulation of the fluctuating initial states in Au-Au collisions at
200 AGeV at RHIC using a Glauber Monte-Carlo model.66 These events are selected on pur-
pose to obtain large values of eccentricities: 2, 3, 4 and 5 (from left to right).
positions in nuclei, the fluctuation of color charges in nucleon, and so on. This leads
to lumpy and asymmetric density profiles for the produced fireball which fluctuate
one event to another, even for the collisions at a fixed impact parameter.56–76
To quantify the geometry (the geometric anisotropies) of the fluctuating initial
states, for each event one may define the eccentricities, n = ne
inΨn , where n and
Φn are the magnitude and the orientation direction for the n-th order eccentricity
vector. They may be calculated from the initial density profiles as follows:
n = ne
inΦn =
〈rm⊥ einφ〉
〈rm⊥ 〉
=
∫
rm⊥ e
inφρ(r⊥)d2r⊥∫
rm⊥ ρ(r⊥)d2r⊥
, (5)
where ρ(r⊥) is the (energy or entropy) density distribution in the transverse plane.
Here the power index m is the radial weight, and often taken to be m = n for
n ≥ 2.64–66 For n = 1 (dipole asymmetry), it is suggested to take m = 3.69 One
can see that for smooth initial conditions without fluctuations as shown in Fig. 2,
all odd n coefficients vanish.
Fig. 5 shows a simulation of the fluctuating initial states produced in Au-Au
collisions at 200 AGeV at RHIC using a Monte-Carlo Glauber model.66 One can see
that the density profiles of the initial state collision zones are lumpy and anisotropic
in the transverse plane, and the initial conditions fluctuate violently from one event
to another. The events shown in the figure have been selected on purpose in or-
der to obtain large values for 2, 3, 4 and 5 (from left to right), so the initial
collision zones are mainly dominated by the elliptic, triangular, quadrangular, and
pentagonal shapes, respectively.
Fig. 6 shows the initial state n power spectrum for Pb-Pb collisions at
2.76 ATeV at the LHC. Results are shown for four collision centralities, and three
initial condition models (MC-Glauber,53 MC-KLN51 and IP-Glasma74). One can
see that in the ultra-central (0 − 0.2%) collisions, all n’s have roughly the same
magnitudes since they all originate from the initial state fluctuations. For less cen-
tral collisions, since the collision zone has a pronounced elliptic shape, the values
of 2 (and to some degree 4, 6 as well) are larger than the odd n coefficients.
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Fig. 6. (Color online) The power spectrum of the initial state eccentricities n for Pb-Pb collisions
at 2.76 ATeV. Results are shown for four collision centralities and three initial condition models
(MC-Glauber, MC-KLN and IP-Glasma). The figure is taken from Ref.4
2.3. Hydrodynamic response and high-order anisotropic flow
As a consequence of the interaction among the medium constituents, hydrodynamic
evolution of the fireball will translate the initial geometric eccentricity into final
state momentum anisotropy. To quantify such effect, one may perform the Fourier
decomposition for the transverse momentum distribution of final state particles,
dN
dydpT dψ
∝ 1 + 2
∑
n
vn(pT , y) cos [n(ψ −Ψn(pT , y))] , (6)
where vn and Ψn are the magnitude and orientation angle (event plane) of the n-th
order anisotropic flow vector vn = vne
inΨn . Note that vn and Ψn are defined for
a single collision, and can be pT (and y) dependent or integrated. The anisotropic
flow may be obtained from the final state momentum distribution as follows:
vn = vne
inΨn = 〈einψ〉 (7)
Fig. 7 show the scattered plots for (2, v2) (left panel) and (3, v3) (right panel)
from event-by-event hydrodynamics calculations for 20-30% central Au-Au colli-
sions at 200 AGeV at RHIC.77 One can see that the anisotropic flow coefficients v2
(v3) show strong correlation to the initial state eccentricities 2 (3). This is true
for their orientation angles as well: the final state event plane Ψn are strongly cor-
related to the initial participant plane Φn for n = 2 and n = 3.
64,66,80 The linear
response v2/2 is stronger than v3/3. For higher order harmonics, the linear corre-
lation between n and vn is spoiled by the non-linear contribution from lower-order
harmonics.70
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Fig. 7. (Color online) Scattered plots for (2, v2) (left panel) and (3, v3) (right panel) from event-
by-event hydrodynamics calculations for 20-30% central Au-Au collisions at 200 AGeV at RHIC
(from Ref.77).
Fig. 8. (Color online) The vn power spectrum in ultra-central (0-0.1% centrality) Pb-Pb collisions
at 2.76 AGeV at the LHC78 compared to viscous hydrodynamics calculations utilizing a few
different initial condition models (from Ref.79).
Fig. 8 show the final state vn power spectrum for ultra-central (0-0.1% central-
ity) Pb-Pb collisions at 2.76 AGeV at the LHC compared to the viscous hydrody-
namics calculations using a few different initial condition models.79 One can see
that in hydrodynamics calculations, higher order anisotropic flow harmonics are
typically suppressed compared to lower order harmonics. This is true even in ideal
hydrodynamics. We remind that all the initial eccentricities have roughly the same
magnitudes in ultra-central collisions as shown in Fig. 6. This is understandable
since hydrodynamic evolution is more sensitive to larger scale structure (lower mo-
mentum modes) of the initial density profiles, and less sensitive to smaller scale
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Fig. 9. (Color online) The anisotropic flow coefficients vn as a function of pT in Au-Au collisions
at 200 AGeV at RHIC (left panel) and in Pb-Pb collisions at 2.76 AGeV at the LHC (right panel)
(from Ref.36).
structure (thus higher order harmonics are suppressed).
Fig. 9 shows the anisotropic flow coefficients vn as a function of pT in Au-Au
collisions at 200 AGeV at RHIC (left panel) and in Pb-Pb collisions at 2.76 AGeV at
the LHC (right panel). The theoretical results are from (3+1)-dimensional viscous
hydrodynamics calculations using the IP-Glasma+MUSIC model.36 The data at
RHIC are from PHENIX81 and STAR.82 The data points at the LHC are from
ATLAS.78 The best descriptions to the experimental data give the average value of
η/s to be 0.12 at RHIC and 0.2 at the LHC. This means that on average the QGP
medium produced at the LHC is less strongly coupled than that at RHIC. Since the
temperature of the medium is higher at the LHC, this suggests that there is a strong
temperature dependence for η/s. The precise determination of the temperature-
dependent specific shear viscosity η/s(T ) is one of the essential tasks in the current
study of heavy-ion collisions. We note that with the use of the parameterization
of temperature-dependent η/s(T ) from Ref.,83 a reasonable description of the flow
data was also obtained from the IP-Glasma+MUSIC model.36
2.4. Flow fluctuations and correlations
Due to large fluctuations in the initial states, both n and vn vary strongly from
one event to another, even for a very narrow centrality bin. Since the averaged vn
mainly reflect the hydrodynamic response to the averaged initial collision geome-
try of the produced fireball, the measurements of event-by-vent vn distributions is
essential in order to obtain direct insights into the fluctuations in the initial states.
Both ATLAS and ALICE Collaborations have measured the event-by-event vn dis-
tributions for Pb-Pb collisions at 2.76 ATeV at the LHC.84,85 Fig. 10 shows the
results from ATLAS in several centrality bins. One feature of vn distributions is
that they become broader from more central to more peripheral collisions due to
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Fig. 10. (Color online) The event-by-event v2 (left panel), v3 (middle panel) and v4 (right panel)
distributions for charged particles with pT > 0.5 GeV in several centrality classes for Pb-Pb
collisions at 2.76 TeV at the LHC, measured by ATLAS.84
Fig. 11. (Color online) Correlations between two different event planes 〈cos[jk(Ψm−Ψn)]〉, where
j is an integer, and k is the least common multiple of m and n (from Ref.88).
the increasing of the vn magnitudes. A strong centrality dependence is observed
for the shape of v2 distribution, while higher-order harmonics shows much smaller
centrality dependence. The event-by-event vn distributions have also been studied
in some details by a few groups utilizing relativistic hydrodynamics with various
initial condition models.77,86,87
Various hydrodynamics calculations have shown that the elliptic flow v2 and the
triangular flow v3 are mainly driven by initial state 2 and 3. However, higher-order
flow harmonics vn (n > 3) arise from a combination of n and the non-linear mixing
with lower-order harmonics. Such non-linear mode-mixing will manifest in the final
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Fig. 12. (Color online) The v3(v2) (top panels) and v4(v2) (bottom panels) correlations measured
in 0.5 < pT < 2 GeV in three centrality bins. In each panel, the correlation data are fit to functions
that include both linear and non-linear contributions. The correlation data are also compared with
re-scaled n(2) correlation from the MC Glauber and MC-KLN models in the same centrality
bins. The figures are taken from Ref.89
state correlations between different order flow harmonics. Fig. 11 shows the corre-
lations between two different event-plane angles as a function of collision centrality.
Experimental data are from Ref.90 and theoretical curves are from Ref.88 with
the use of two different initial condition models, MC-Glauber53 and MC-KLN51
(for later hydrodynamics evolution, η/s is taken to be 0.08 and 0.2 for these two
models, respectively). One can see that hydrodynamic calculation can qualitatively
describe the observed centrality dependence of event plane correlations. We note
that several final state event plane correlators exhibit very different centrality de-
pendence from the initial state participant plane correlators.88,91–93 This is mainly
due to the development of the mode-mixing between different flow harmonics as a
result of non-linear hydrodynamics evolution of the fireball.
Besides the correlations between different flow angles Ψn, the magnitudes of
different flow coefficients vn correlate to each other as well. Fig. 12 shows the ATLAS
measurement of the correlations between the magnitudes of different order flow
harmonics (v3-v2 and v4-v2 correlations) using the event-shape selection method.
89
One can see that v3 is anti-correlated to v2, which is very similar to the correlation
between 3 and 2 in the initial states. This indicates v2-v3 correlation reflect mostly
initial geometry effects; this is expected since v2 and v3 are dominated by the
linear hydrodynamics response. The v2-v3 correlation data are fitted with a linear
function v3 = kv2 + v
0
3 , one can see that the magnitude of |k|, which characterizes
the strength of the anti-correlation, increases from central to peripheral collisions.
This anti-correlation is understandable since when the overlap region becomes more
elliptic, the fluctuation to large triangularity is constrained. For v2-v4 correlation,
both linear and non-linear collective dynamics contribute. The correlation data are
well described by two-parameter fits with the form: v24 = c
2
0 + (c1v
2
2)
2, where the
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Fig. 13. (Color online) The longitudinal correlation functions C2(∆η) (left panel) and C3(∆η)
(right panel) in Pb-Pb collisions at 2.76 AGeV for three different centrality bins (from Ref.100).
linear term vL4 = c0 is associated with 4 and the non-linear contribution v
NL
4 = c1v
2
2
reflects the v2-v4 mixing. The linear term depends weakly on centrality, whereas the
non-linear term increases as the collisions become more peripheral89 (not shown).
2.5. Longitudinal fluctuations
Whe studying the anisotropic flow harmonics and final state correlations, one often
utilizes a large pseudo-rapidity gap between correlated particles in order to minimize
the contribution from non-flow effects such as resonance decays and jets. The use
of large rapidity gap is reasonable when the initial density distribution and final
state flow harmonics at different rapidities are prefectly correlated. However, the
density profiles of initial states fluctuate not only in the transverse plane, but also
in the longitudinal direction. Note that the fluctuations due to finite multiplicity
for a given event are usually corrected using the sub-event method.94,95 Initial
state longitudinal fluctuations may lead to the fluctuations and decorrelations of
the final flow orientations at different pseudo-rapidities.96–100 One consequence is
the reduction of the values of the final state anisotropic flows.73
To study the effect of longitudinal fluctuations, one may define the following
correlation function between two rapidity bins A and B:100
Cn(A,B) =
〈Qn(A)Q∗n(B)〉√〈Qn(A)Q∗n(A)〉√〈Qn(B)Q∗n(B)〉 , (8)
where Qn = Qne
inΨn = 〈einφ〉. In the continuum limit, Q is identical to flow vector
vn. Fig. 13 shows the correlation functions C2 (left panel) and C3 (right panel) from
relativistic hydrodynamics calculation for three different centrality bins for Pb-Pb
collisions at the LHC.100 One can see that the anisotropic flows at different pseudo-
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Fig. 14. (Color online) The Fourier coefficient v2{2} for hadrons, pions, kaons and protons as a
function of pT measured by ALICE Collaboration using two-particle correlations in the 0-20%
multiplicity class after the subtraction of that from the 60-100% multiplicity class (from Ref.106).
rapidities are not perfectly correlated, and the degree of such decorrelation becomes
stronger with increasing pseudo-rapidity gap. The correlation C2 of the second-order
anisotropic flow shows a strong centrality dependence whereas the correlation C3 of
the third-order anisotropic flow is independent of centrality. This can be understood
since v3 arises purely from initial state fluctuations which is almost independent
of collision geometry, while v2 has a strong dependence on the collision centrality
(the geometry of the collision zone). It was further shown that the longitudinal
decorrelatons in the anisotropic flows are caused by the longitudinal fluctuations in
the initial state density distributions with a twist structure as well as as additional
random fluctuations on top of a twist.100
2.6. Anisotropic flow in small collision systems
The relativistic proton-proton (p-p), proton-nucleus (p-A) and deuteron-nucleus
(d-A) collisions are expected to provide the baseline for studying the transport
properties of the hot and dense QCD matter produced in A-A collisions. The col-
lective behavior and anisotropic flow are expected to be much weaker in these
colliding systems since the size of the produced matter is much smaller (even
though a mini quark-gluon plasma is produced). However, ALICE, ATLAS and
CMS Collaborations have observed a clear collective behavior in p-Pb collisions at
5.02 ATeV,101–103 very similar to peripheral Pb-Pb collisions at 2.76 ATeV at the
LHC. Similar correlation results have been obtained for d-Au collision at RHIC104
and high multiplicity p-p events at the LHC energies.105
The origins of the observed correlations and collective behavior in these smaller
colliding systems are still in debate. One natural explanation for the observed col-
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lectivity and correlations is the hydrodynamic expansion of the fireball with fluctu-
ating initial conditions,107–110 which suggests that a mini-QGP may be produced
in these small colliding systems. A strong support for hydrodynamics explanation
is the mass ordering of the elliptic flow v2 observed by the ALICE
106 (see Fig.
14), which was reproduced later on by hydrodynamic calculations.111,112 Recently
Ref.113 has shown that the long-range azimuthal correlations in both p-p and p-
Pb collisions can be explained by the incoherent scattering of partons using the
AMPT model with string melting.114 The observed two-particle azimuthal corre-
lations was also fitted by the two-gluon emission mechanism in the initial states
within the framework of Color Glass Condensate.115 Recently relativistic 3He-Au
collisions were proposed in order to exploit the intrinsic triangular geometry in the
initial sates.116,117 By detailed and systematic comparisons of relativistic p-A, d-
A, 3He-A and A-A collisions, it is promising that one can disentangle the initial
geometry contribution from the final state viscosity effect.
3. Color Opacity of QGP
Hard partonic jets that are produced from early stage scatterings provide important
probes to study the properties of the QGP created in high energy nuclear collisions.
During their propagation through the hot and dense nuclear matter, they interact
with the medium constituents via elastic and inelastic collisions, and usually lose
energy in the process.118–120 This is often referred to as jet quenching. The main
purpose of jet quenching studies in heavy-ion collisions is to understand the detailed
mechanisms of jet-medium interaction from which one may infer useful information
about the produced hot and dense QGP.
One of the important jet quenching observables is the suppression of the single
inclusive hadron yield at high transverse (pT ) in A-A collisions as compared to that
from elementary p-p collisions.121–123 To quantify such effect, one may define the
nuclear modification factor RAA as follows:
RAA(pT , y, ψ) =
1
Ncoll
dNAA/dpT dydψ
dNAA/dpT dydψ
, (9)
where Ncoll is the average number of binary collisions for a given collision centrality
bin. Fig. 15 shows the nuclear modification factors RAA for charged hadrons, direct
photons and other particles; the left panel shows PHENIX measurements for most
central Au-Au collisions at 200 AGeV at RHIC, and the right shows CMS measure-
ment for most central Pb-Pb collisions at 2.76 ATeV at the LHC. One can see that
high pT hadron yields are strongly suppressed in A-A collisions compared to binary
collision scaled p-p collisions. In contrast, RAA for high pT photons is consistent
with unity. This means that the observed strong nuclear modification for high pT
hadron production is a final state effect from the interaction of hard partonic jets
with the hot and dense medium.
There are many other experimental signatures (observables) for jet quenching
at RHIC and the LHC, such as the modification of the correlated back-to-back
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Fig. 15. (Color online) Left: RAA for hadrons, direct photons and non-photonic electrons in most
central Au-Au collisions at 200 AGeV at RHIC, measured by PHENIX.124 Right: RAA for hadrons,
direct photons, and Z/W bosons in most central Pb-Pb collisions at 2.76 ATeV at the LHC,
measured by CMS.125
dihadrons and high pT photon-hadron pairs,
126–129 the suppression of reconstructed
jet and dijet production,130–133 and the nuclear effect on jet fragmentation and jet
shape functions.134–136 Similar to the single inclusive hadron RAA, one may define
the nuclear modification factors for these jet quenching obervables.
3.1. General framework for jet quenching study
In perturbative QCD, processes that involve large momentum transfer can be de-
scribed as the convolution of the parton distribution functions (PDFs), hard par-
tonic scattering process, and the final state fragmentation function (FFs). For ex-
ample, the cross section for the single inclusive hadrons at high pT in p-p collisions
may be calculated as follows:137
dσpp→hX ≈
∑
abj
∫
dxa
∫
dxb
∫
dzjfa/p(xa, µf )⊗ fb/p(xb, µf )
⊗ dσab→jX(µf , µF , µR)⊗Dj→h(zj , µF ) , (10)
where fa/p(xa, µf ) and fb/p(xb, µf ) are two PDFs with xa and xb the momentum
fractions of the incoming partons, dσab→jX is the parton scattering cross section,
and Dj→h(zj , µF ) is the FF for the parton j to the hadron h, with zj is the momen-
tum fraction of the outgoing hadron. There are three momentum scales involved
here: the factorization scales µf and µF and the renormalization scale µR; they are
usually taken to be the same as a typical hard scale (Q) involved in the process,
such as the hadron pT . The PDFs and FFs are non-perturbative and universal func-
tions, and obey the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations
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Fig. 16. (Color online) The cross section for inclusive hadrons at high pT in p-p collisions at RHIC
measured by PHENIX, compared to NLO perturbative QCD calculations (from Ref.141).
for their scale evolutions.138–140 They are usually determined by the global fit to
e+e− experiments, deep inelastic scatterings (DIS) and p-p collisions, etc.
Fig. 16 shows the production cross section for single inclusive hadrons at high
pT in elementary p-p collisions at RHIC energies. One can see that the high pT
hadron production can be described quite well by the next-to-leading order (NLO)
pertubative QCD calculations.137 This indicates the properties of hard jets in vac-
uum are well understood from both experimental and theoretical sides, which serves
as the baseline for studying jet-medium interaction and the nuclear modification of
hard jets in relativistic heavy-ion collisions.
When studying jet quenching in relativistic heavy-ion collisions, two nuclear
effects need to be taken into account. One is the nuclear modification of PDFs,
i.e., the PDF in nucleus fa/A is different from the free proton PDF fa/p; this is the
initial state nuclear effect, and often called cold nuclear matter (CNM) effect. CNM
effect can be included by defining the nuclear modification factor RAi (x,Q
2) for the
PDF: RAa (x,Q
2) = fa/A(x,Q
2)/fa/p(x,Q
2), which is often obtained by the global
fit to DIS, p-A and d-A collisions. Currently several parameterizations of PDF
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Fig. 17. (Color online) Typical diagrams for collisional (left panel) and radiative (right panel)
energy losses of a hard parton propagating through a nuclear medium.
nuclear modification factors RAi (x,Q
2) are available (e.g, EPS09,142 HKN07,143
and nDS144).
The second effect is due to the production of the hot and dense QGP medium in
relativistic heavy-ion collisions, which we may call hot nuclear matter (HNM) effect.
Partonic jets produced from the initial hard scatterings have to travel through and
interact with the produced QGP before fragmenting into final observed hadrons.
With the inclusion of both cold and hot nuclear effects, the single inclusive hadron
production in heavy-ion collisions may be calculated as follows:
dσ˜AB→hX ≈
∑
abjj′
fa/A(xa)⊗ fb/B(xb)⊗ dσab→jX ⊗ Pj→j′(pj′ |pj)⊗Dh/j′(zj′) ,(11)
Here Pj→j′(pj′ |pj) describes the hot nuclear matter effect, i.e., the interaction of the
hard partons j with the colored medium. It is noted that although the above fac-
torized formula has been widely used in phenomenological studies of jet quenching
in heavy-ion collisions, there is currently no formal proof of such factorization yet.
The assumption of factorization is consistent with various jet quenching studies.
3.2. Radiative and collisional jet energy loss
Hard partons may lose energy in hot and dense nuclear medium via a combination of
elastic collisions with the medium constituents and inelastic radiative process. Fig.
17 shows two typical diagrams for calculating parton energy loss originating from
elastic (left panel) and radiative (right panel) processes. The energy loss experienced
by the primary parton in 2 → 2 elastic collisions with the medium constituents is
usually called collisional or elastic energy loss. The additional in-medium radiation
induced by multiple scatterings may take away a fraction of energy from the primary
parton, which is usually called radiative energy loss.
Radiative energy loss process has been regarded as the most important compo-
nent in studying jet quenching in relativistic heavy-ion collisions. Even in vacuum,
hard partons produced from the early stage scatterings will undergo splitting pro-
cesses. In a hot and dense nuclear medium, the parton splitting processes will be
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modified due to the rescatterings of the propagating parton with the medium con-
stituents. A number of parton energy loss approaches have been developed to study
medium-induced radiative process, namely Baier-Dokshitzer-Mueller-Peigne-Schiff-
Zakharov (BDMPS-Z),145–147 Gyulassy, Levai and Vitev (GLV),148–150 Amesto-
Salgado-Wiedemann (ASW),151,152 higher twist (HT)153–155 and Arnold-Moore-
Yaffe (AMY)156–158 formalisms. One may refer to Ref.159 for a detailed comparison
of different parton energy loss formalisms.
In the study of radiative parton energy loss, one key quantity is the single emis-
sion kernel (e.g., the differential gluon radiation spectrum dNg/dωdk
2
⊥dt). Various
approaches make different assumptions about the traversed medium and utilize dif-
ferent methods for treating multiple scatterings. One important effect in medium-
induced emission or splitting processes is the Landau-Pomeranchuk-Migidal (LPM)
effect.160,161 For collinear or small angle radiation, a finite period of time is re-
quired to complete the radiation process; this time is called the formation time
τf ∼ 2ω/k2⊥, with ω and k⊥ the energy and transverse momentum of the radiation.
If the formation time is larger than the mean free path λ of the propagating parton,
the multiple scatterings on the propagating parton can no longer be treated as in-
dependent. Such quantum interference between successive scatterings is called the
LPM effect which will lead to the suppression of the radiation spectrum compared
to the Bethe-Heitler incoherent multiple scattering limit. For the QCD case, since
the radiated gluons carry color charge, the medium modification of the radiation
spectrum is more dominated by the rescatterings on the emitted gluons.
To obtain the multiple gluon emission, one common practice is the repeated
application of single gluon emission kernel. Such recipe neglects the interference
between different emissions which should be included in a full calculation of multiple
parton final state. One popular method is the Poisson ansatz which has been widely
used in GLV and ASW calculations.162–164 The key quantity is the probability
distribution P (∆E) of parton energy loss, which may be obtained as follows:
P (∆E) =
∞∑
n=0
e−〈Ng〉
n!
[
n∏
i=1
∫
dω
dNg(ω)
dω
]
δ
(
∆E −
n∑
i=1
ωi
)
, (12)
where dN/dω is the single gluon emission spectrum and 〈Ng〉 =
∫
dωdNg/dω is the
mean number of radiated gluons. In the AMY formalism, the following rate equa-
tions are solved for the parton momentum distributions f(p) = dN(p)/dp:165–167
df(p, t)
dt
=
∫
dk
[
f(p+ k, t)
dΓ(p+ k, k, t)
dkdt
− f(p, t)dΓ(p, k, t)
dkdt
]
, (13)
where dΓ(p, k, t)/dkdt is the transition rate for a parton with momentum p to lose
momentum k. In the HT formalism, one solves the following DGLAP-like evolution
equations for the medium-modified fragmentation function D˜(z,Q2):168–171
∂D˜(z,Q2, q−)
∂ lnQ2
=
αs
2pi
∫
dy
y
P (y)
∫
dζ−K(ζ−, Q2, q−, y)D˜(z/y,Q2, q−y) , (14)
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Fig. 18. (Color online) Right: Average energy loss of charm (left panel) and bottom (right panel)
quarks passing through the nuclear medium created in most 0-7.5% central Pb-Pb collisions at
2.76 ATeV at the LHC (from Ref.172).
where q− is the jet light-cone energy, y the energy fraction of the radiation, and
ζ− is the jet location. P (y) is the vacuum splitting function and K(ζ−, Q2, q−, y)
is the parton-medium interaction kernel.
Collisional energy loss of hard partons propagating through the nuclear matter
was first studied by Bjorken.118 Compared to medium-induced radiation, collisional
energy loss is usually considered to be small for light flavor (leading) partons, es-
pecially at high energies.164,167,173 However, collisional energy loss may give siz-
able contribution to nuclear modification factor RAA at RHIC and the LHC en-
ergies.164,167 In contrast, elastic collisions are usually considered as the dominant
mechanism for heavy quark energy loss, especially at low and intermediate energy
regimes.174,175 This is because the phase space for collinear medium-induced radi-
ation is reduced by the presence of the finite masses of heavy quarks (usually called
the dead-cone effect176). This mass effect will diminish when going to high energy
regimes where heavy quarks become ultra-relativistic as well and behave more like
light flavor partons.177–180 This can be seen in Fig. 18 which compares the radiative
and collisional contributions to the energy loss of charm (left panel) and bottom
(right panel) quarks. We note that collisional energy loss may play an essential role
in the study of the nuclear modification of full jets181 and the medium response to
the propagation of hard jets;182,183 these will be discussed in later subsections.
3.3. Jet quenching phenomenology at RHIC and the LHC and
quantitative extraction of qˆ
In recent years, various phenomenological studies on jet quenching have been per-
formed for a wealth of experimental observables. Much effort has been made to
the quantitative extraction of various jet transport parameters,184 such as the
transverse momentum diffusion rate qˆ = d〈∆p2⊥〉/dt,145 the elastic energy loss rate
eˆ = dE/dt ≈ dp‖/dt, etc.185,186 At leading order (LO), these transport coefficients
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Fig. 19. (Color online) The values of scaled jet transport parameter qˆ/T 3 extracted by JET
Collaboration by using single inclusive hadron suppression factor RAA at both RHIC and LHC.
The values are for a 10 GeV quark jet at the center of most central collisions at an initial proper
time τ0 = 0.6 fm/c. The figure is taken from Ref.187
quantify the transverse and longitudinal momentum transfers experienced by the
propagating partons via 2→ 2 elastic collisions with the medium constituents.
Recently a significant collaborative effort was carried out within the framework
of JET Collaboration; systematic phenomenological studies were performed on the
experimental data on the nuclear modification of single inclusive hadrons at large
pT in heavy-ion collisions at the RHIC and the LHC.
187 Five different existing ap-
proaches to parton propagation and medium-induced energy loss in dense medium
were used for this systematic survey: McGill-AMY,167,188 Martini-AMY,189 HT-
M,170 HT-BW,190 DGLV-CUJET.191 The space-time profile of the QGP medium
was simulated by the (2+1)-dimensional or (3+1)-dimensional hydrodynamic mod-
els. The goal of this systematic study is to use the constraint from the experimental
data and to quantitatively extract the jet quenching parameter qˆ and its systematic
uncertainties (including model dependence).
By comparing each model calculation with the experimental data and fixing the
model parameters, the effective jet transport coefficient qˆ may be obtained. Fig. 19
shows the extracted values of qˆ scaled by T 3 for a quark jet with energy 10 GeV at
the highest temperatures reached in the most central Au-Au collisions 200 AGeV
at RHIC and Pb-Pb collisions 2.76 ATeV at the LHC. Using the measured single
hadron RAA, the range of the values for qˆ/T
3 is obtained as:
qˆ
CsT 3
=
{
3.5± 0.9 , T ≈ 370 MeV (at RHIC),
2.8± 1.1 , T ≈ 470 MeV (at the LHC). (15)
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This gives qˆ ≈ 1.2 GeV2/fm at RHIC and qˆ ≈ 1.9 GeV2/ fm at the LHC.
One can clearly see the strong temperature dependence for the scaled parameter
qˆ/T 3, which may be explored by extending the current study to future higher energy
Pb-Pb collisions at the LHC and lower energy collisions at RHIC. The expected
values of qˆ/T 3 at 0.063 ATeV, 0.130 ATeV and 5.5 ATeV are shown in the figure.
Also shown is the value of qˆN/T
3
eff in cold nuclei, extracted from jet quenching
studies in DIS.192 One can see that the values of jet parameter qˆ in hot QGP
medium are much higher than those in cold nuclei. The values of qˆ/T 3 from a NLO
AdS/CFT calculation is also shown for comparison,193 and one can see that they
are within the range of qˆ values from JET Collaboration. Note that the SYM values
quoted here have been obtained for αSYM = 0.22-0.31 and included the effect due
to different numbers of degrees of freedom in SYM and QCD.
In the future, one may include more theoretical model calculations and utilize
more jet quenching observables in such systematic phenomenological studies.194
Besides qˆ, other jet transport coefficients (such as eˆ) may also play significant roles
in jet-medium interaction and medium-induced parton energy loss.185,186,195,196
To estimate the systematic uncertainties in the LO calculations, it is essential to
develop a fully NLO framework for studying jet propagation and modification in
dense nuclear matter. Recently the NLO radiative correction to transverse momen-
tum broadening and the renormalization of jet quenching parameter qˆ have been
investigated in Ref.197–202 All these important ingredients should be included in
the future study of jet quenching in heavy-ion collisions.
3.4. Jet quenching from Lattice QCD
While lattice QCD cannot provide a full description of the dynamical evolution of
heavy-ion collisions, it can provide important guidance for phenomenological jet
quenching studies, e.g., many transport coefficients (such as qˆ) may in principle be
computed using lattice QCD. Ref.203 carried out the first lattice QCD calculation of
jet quenching parameter qˆ using the operator product expansion method; the phys-
ical qˆ is related to an infinite series local operators in an unphyical regime of jet mo-
menta via dispersion relations. The calculation was performed in quenched SU(2)
and the extension to SU(3) with 2 flavors of quarks produced qˆ=1.3-3.3 GeV2/fm
for a gluon jet at a temperature T = 400 MeV, which is similar to the values from
JET Collaboration. Recently within a dimensionally reduced effective theory (elec-
trostatic QCD), Ref.204 obtained a value of qˆ=6 GeV2/fm at RHIC energies, which
is about twice the value compared to NLO perturbative QCD calculation.205
We note that the jet quenching parameter qˆ is the second moment of the prob-
ability distribution P (k⊥, L) for the transverse momentum transfer,
qˆ =
1
L
∫
d2k⊥
(2pi)2
k2⊥P (k⊥, L) . (16)
More detailed information about jet-medium interaction are contained in the full
distribution of the probability distribution P (k⊥) or the transverse collision kernel
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Fig. 20. (Color online) The collision kernel C(k⊥) (left panel) and the probability distribution
P (k⊥, L) (right panel) compared with the LO and NLO calculation results from Ref.205 g2E ∼ g2T
is the effective coupling of the dimensionally reduced effective theory and βG is a dimensionless
number related to the lattice spacing: βG = 2Nc/(g
2Ta). The figures are taken from Ref.206
C(k⊥). In Ref.,206 a first-principle calculation of the collision kernel C(k⊥) was
carried out (see Fig. 20). At small transverse momentum k⊥, the shape of C(k⊥)
was found to be consistent with Gaussian distribution. Since the calculation only
includes the soft modes, it breaks down when k⊥ becomes large.
The Gaussian form for P (k⊥) and C(k⊥) at small k⊥ is expected from both
weakly-coupled and strongly-coupled calculations. However the large k⊥ behaviors
are very different in two scenarios: for weakly coupled QGP, the power tail for
large k⊥ is proportional to 1/k2⊥ , whereas in N = 4 SYM theory (in the large-
Nc and strong coupling limits), there is no power tail at all.
207 One interesting
task is whether the full distribution of the collision kernel can be obtained from
phenomenological jet quenching studies (as well as from lattice QCD calculation).
3.5. Full jet evolution and energy loss
The basic idea of full jet reconstruction is to recombine final state jet fragments and
obtain the information about the original hard partons and investigate the medium
modification effects. Full jets are expected to provide more differential information
about jet-medium interaction than leading hadron observables since they include
both leading and sub-leading jet fragments. Early full jet studies in heavy-ion col-
lisions were performed in Au-Au and Cu-Cu collisions at RHIC by both STAR
and PHENIX Collaborations.208,209 In spite of large experimental uncertainties
and strong dependence on jet reconstruction algorithms, substantial nuclear mod-
ification of full jets in heavy-ion collisions have been observed as compared to p-p
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Fig. 21. (Color online) Left: The energy asymmetry AJ = (ET,1 − ET,2)/(ET,1 + ET,2) distribu-
tion for dijets in p-p and Pb-Pb collisions at 2760 AGeV at the LHC (from Ref.181). Right: The
energy asymmetry zJγ = ET,J/ET,γ distribution for correlated isolated photons and jets in p-p
and Pb-Pb collisions at 2760 AGeV at the LHC (from Ref.211).
collisions. The strong dependence on the jet resolution parameter R for the nu-
clear modification of jet production indicated the broadening of full jets due to the
interaction between jets and the hot and dense nuclear medium.210
The launch of the LHC has increased the center of mass energy by more than
a factor of 10 compared to the top collision energies at RHIC, which enables us
to investigate the medium modification on the propagation of jets with transverse
energies over a hundred GeV. The first measurements of the nuclear modification of
full jets at the LHC is the correlated back-to-back jet pairs. We observed a strong
centrality dependence for the modification on dijet transverse energy imbalance
AJ = (ET,1 − ET,2)/(ET,1 + ET,2) distribution in Pb-Pb collisions as compared to
p-p collisions, while the distribution of their relative azimuthal angles is largely
unmodified. Similar results have been obtained for the full jets correlated with high
pT direct photons in Pb-Pb collisions at the LHC.
132 These results indicate that
the subleading jets may experience a significant amount of energy loss after passing
through the produced hot and dense QCD matter. Various jet energy loss calcu-
lations have been performed to explain the nuclear modification of the transverse
energy imbalance between correlated dijets and photon-jet pairs181,211–217 (e.g. see
Fig. 21).
Fig. 22 shows a schematic illustration of the evolution of a full jet in a QGP,
where the thick solid arrowed line through the center represents the leading parton,
and other lines represent the accompanying radiated gluons. Compared to leading
hardon observables, we need to consider a few additional ingredients when studying
full jet evolution and energy loss. Besides the primary parton, the radiated gluons
may interact with the medium and lose energy in the process. The radiated gluons
may get deflected by the medium constituents as well; some of the radiations may
be scattered out of the jet cone. Therefore, the total energy loss of the full jet is
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Fig. 22. (Color online) Illustration of the evolution of a full jet in a quark-gluon plasma. Various
medium-induced processes that contribute to full jet energy loss and medium modification are
shown.
the sum of elastic energy loss experienced by the leading parton and the radiated
gluons, together with the gluons that are kicked out of the jet cone.
In the spirit of the above picture, Ref.181 performed the first quantitative anal-
ysis of physical processes that are responsible for full jet energy loss. It solves the
following transport equation for the radiated gluons:
dfg(ω, k⊥, t)
dt
= −eˆ ∂fg
∂ω
+
1
4
qˆ∇2k⊥fg +
dN radg
dωdk2⊥dt
, (17)
where fg(ω, k⊥, t) is the three-dimensional momentum distribution of the accom-
panying gluons. The first and second terms in the above equation describe the
evolution of the radiative gluons which may transfer energy into the medium via
elastic collisions and accumulate transverse momentum in the process. The last
term is a source term which represents the contribution from the medium-induced
gluon radiation. After they are produced, the medium-induced radiative gluons
will interact with the medium, lose energy and accumulate transverse momentum
during their propagation.
By solving the above equation, one may obtain the information about the full
jets after passing through the medium and calculate the energy loss from the jet
cone. One may decompose the energy of the original full jet into a few parts:
Ejet = Ein + Elost = Ein,rad + Eout,rad + Eout,brd + Eth,coll . (18)
It is interesting that the most significant contribution is found to be the collisional
energy loss experienced by the radiated gluons Eth,coll.
181 The transverse momen-
tum broadening of the radiative gluons Eout,brd also gives a sizable contribution
to full jet energy loss. Since the radiation is mainly dominated by small angle ra-
diation, the contribution from the radiation directly outside the jet cone Eout,rad
is small. This finding is not surprising since one expects the soft components of
the jet or the accompanying gluons at large angles to experience stronger medium
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modification than the inner hard core of the jet. Such effect is also referred to as
jet collimation.218
Similar picture for full jet energy loss has been obtained in Ref.219,220 It is ar-
gued that if the medium color field λ varies over the jet transverse size rjet⊥ , the
color coherence of the shower partons may be destroyed by the interaction with
the medium. Such color decoherence effect may greatly increase the phase space for
soft and large angle radiation, as compared to the traditional BDMPS-Z radiative
energy loss formalism. Treating multiple gluon emissions as a probabilistic branch-
ing process, one may solve the following rate equation for the gluon momentum
distribution D(x, τ) = xdNg/dx,
∂D(x, τ)
∂τ
=
∫
dzκ(z)
[√
z
z
D(
x
z
, τ)− z√
x
D(x, τ)
]
. (19)
Two terms in the above equation are gain and loss terms. Focusing on the small-x
behavior, one may take κ(z) = 1. Given the initial condition D(x, τ = 0) = δ(x−1),
one may obtain the solution for the gluon distribution: D(x, τ) ≈ τ√
x
e−piτ
2
. The
total energy contained in the spectrum may be calculated as, (τ) =
∫ 1
0
dxD(x, τ) ≈
e−piτ
2
, and one can see that it is not conserved. Therefore with increasing time, a
substantial fraction of jet energy could be lost from the gluon spectrum.
To include the contribution from radiation at large angles, one may introduce a
scale x0, below which the radiation is directly outside jet cone. One may further in-
troduce a scale xth = T/E to include the contribution that when the gluon energies
are as low as as the medium energy scale, the radiated gluons may “thermalize”
and disappear from the jet. So the total phase space for the branching gluons (and
the total energy of the original jet) may be divided into three parts:221
Ejet = Ein + Elost = Ein(x > x0) + Eout(xth < x < x0) + Eflow(x < xth). (20)
The branching gluons with x > x0 are inside the jet cone. For xth < x < x0, the
radiations are directly outside the jet cone. For x < xth, the gluons will thermalize
and flow into the medium. The largest contribution to full jet energy loss is found
to be the energy flowing out of the gluon spectrum. The radiation directly outside
jet cone gives small contribution.
3.6. Full jet substructure
To fully characterize the jet quenching effects, we need to study not only the total
energy of the full jets, but also the modification of the jet substructures. Jet shape
function ρ(r) describes the radial distribution of the momentum carried by the jet
fragments. It is defined as follows:
ρ(r) =
1
δr
1
Njet
∑
jet
∑
h
phT
pjetT
θ
[
rh −
(
r − δr
2
)]
θ
[(
r +
δr
2
)
− rh
]
, (21)
where rh =
√
(ηh − ηjet)2 + (φh − φjet)2, and δr is the bin size. The differential
jet shape function is normalized to unity,
∫
ρ(r)dr = 1. Jet fragmentation function
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Fig. 23. (Color online) Top: The jet shape functions ρ(r) in Pb-Pb collisions at 2.76 ATeV for jets
with pjetT > 100 GeV/c in five centrality bins. Bottom: The nuclear modification factors for jet
shape functions. The figures are taken from CMS measurements.134
D(z) provides the information about the momentum spectrum of the jet fragments.
It is defined as follows:
D(z) =
1
Njet
dNh
dz
, (22)
where z = phT · pjetT /|pjetT |2 is the momentum fraction of the jet fragments.
Fig. 23 shows the nuclear modification of the differential jet shape function ρ(r)
in Pb-Pb collisions at the LHC measured by CMS Collaborations.134 The jet shape
functions in peripheral Pb-Pb collisions are similar to those in p-p collisions while
in more central Pb-Pb collisions we observe an excess at large radius r > 0.2 and
a depletion at intermediate radii (0.1 < r < 0.2). This indicates the broadening of
the full jets after they pass through the medium. At very small radii, little change is
observed for jet shape function, suggesting that the energy distribution in the inner
hard core of the jet is not affected by the jet-medium interaction. These observations
are consistent with the previous CMS finding that the lost energy from the jets is
found at large distances from the jet axis.131
Fig. 24 shows the jet fragmentation functions p-p and Pb-Pb collisions at the
LHC measured by CMS Collaboration.135 Compared to the earlier CMS measure-
ment,134 the charged particles with lower values of pT have now been included in the
full jet reconstruction. We observe a clear nuclear modification of the jet fragmen-
tation function in Pb-Pb collisions, which grows with increasing collision centrality.
In peripheral collisions (50-100% centrality bin), the ratio of PbPb/pp is almost
flat at unity. For the most central collisions, we observe a significant excess at high
ξ = ln(1/z) (low z) and a depletion at intermediate ξ. These results indicate that
the spectrum of the particles inside the full jets receives an enhancement in the soft
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Fig. 24. (Color online) Top: The jet fragmentation functions D(z) in Pb-Pb collisions at 2.76 ATeV
for jets with 100 < pT < 120 GeV/c in four Pb-Pb centrality bins. Bottom: The nuclear modifi-
cation factors for jet fragmentation functions. The figures are taken from CMS measurements.135
regime, compared to p-p collisions. ATLAS have also measured the nuclear mod-
ification of jet fragmentation function and obtained similar results: an enhanced
yield of low and large z fragments together with a suppressed yield of intermediate
z fragments.
The above observations are qualitatively consistent with jet energy loss calcu-
lations.215,222–224 There exist several possible sources that could affect the nuclear
modification of jet substructure and contribute to the redistribution of jet energy
inside the cone. The broadening of the parton shower may be contributed from
both elastic collisions with medium constituents and the medium-induced radia-
tions. The induced radiation may lead to the softening of the momentum spectrum
of the jet fragments as well. Particles produced from the medium response to jet
transport may contribute to the redistribution of the energy inside the jets.217 Dif-
ferent hadronization mechanisms may lead to different jet fragmentation profiles.225
Further detailed studies on the nuclear modifications in different r of jet shape dis-
tribution and different z of jet fragmentation function should be able to put tighter
constraint on the modeling of jet-medium interaction.
3.7. Medium response to jet transport
Jets may lose energy via a combination of elastic collisions and inelastic radiative
processes when propagating through a QGP medium. Some of the lost energy from
the hard jets is deposited into the medium, and may contribute to many jet-related
observables. Various studies have shown that the propagating hard jets may excite
the medium and produce Mach cone structure.226,227 If such structure is observed
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Fig. 25. (Color online) The medium response to the energy deposited by a primary hard quark
(left panel) or by a quark-initiated parton shower (right panel) (from Ref.182).
in relativistic nuclear experiments, it will provide a direct probe to the speed of
sound of the produced nuclear matter. However in heavy-ion collisions, the Mach
cone pattern may be distorted by the large collective flow developed during the
hydrodynamic expansion of the bulk matter.67,228–230 The cone structure is also
sensitive to various transport properties such as the shear viscosity to entropy
density ratio η/s of the QGP medium.229,231
One approach for studying the medium response is the use of full Boltzmann
transport codes in which the jet propagation and the medium response are simu-
lated at the same time within a single Monte-Carlo package.67,229 In this method,
the bulk matter is modeled by a collection of quasi-classical partons, and the jet-
medium interaction is treated the same way as the interaction among the medium
constituents. Another approach is to solve the following hydrodynamic equations,
∂µT
µν(x) = Jν(x) =
(
dE
dt
,
dp⊥
dt
,
dp‖
dt
)
. (23)
Here Jν(x) represents the rate of the energy and momentum deposited by the
propagating hard jets. The source term Jµ(x) at a given space-time location may
be obtained from jet energy loss calculations, e.g., the energy deposited into the
medium is equal to the collisional energy loss from the propagating jet. For a single
parton in a high temperature QGP medium, the collisional energy loss (deposition)
rate in the leading logarithmic approximation may be obtained as follows:
dE
dt
∣∣∣∣
dep
=
dE
dt
∣∣∣∣
coll
=
1
4
Csα
2
sm
2
D
(
4ET
m2D
)
, (24)
where m2D = 4piαs(1 +Nf/6)T
2 is the Debye screening mass squared.
It should be noted that jets are composed of collimated showers of partons.
Therefore, not only the leading parton, but also the radiative emissions can de-
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Fig. 26. (Color online) The medium response generated by a parton shower originating from a
primary hard quark with the average gluon emission angle being θ = 0.1 (left panel) and θ = 0.7
(right panel), (from232).
posit energy and momentum into the medium via scattering with the medium
constituents. In Ref.,182,183 it is found that the length dependence of energy depo-
sition rate by a jet shower is significantly enhanced compared to that by a single
parton. The medium responses to the energy deposited by a single parton (left
panel) and by a parton shower (right panel) are compared in Fig. 25. The Mach
cone structure is seen for both energy deposition cases, but the conical pattern is
strongly enhanced for a parton shower. Another important factor is the spatial dis-
tributions of the parton shower and the energy and momentum deposition profiles.
Fig. 26 compares the medium responses to a parton shower with small emission
angle θ = 0.1 (left panel) and with large emission angle θ = 0.7 (right panel).232
One can see that for nearly collinear emissions, a nice Mach cone structure can be
produced. In contrast, a well-defined Mach cone is hardly seen for the case of larger
angle emissions; the medium response is now more like a superposition of several
energy density perturbations.
In the above two studies (Fig. 25, 26), the medium is taken to be static, with
a constant temperature (density). In realistic event-by-event simulations which in-
clude both initial state and parton energy loss fluctuations, the energy and momen-
tum deposition profiles may vary strongly from one event to another.233 Since the
realistic medium probed by the propagating jet is dynamically evolving, expanding
and cooling, the energy deposition rate will first increase and then decrease as a
function of evolution time. We also note that in many model calculations, a cutoff
energy is often used to determine which part of radiation phase space “thermalize”
into the medium. The change of such cutoff (separation) scale may lead to quite
different energy loss and deposition profiles for the propagating jet.230,233
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4. Summary
One of the main goals of high energy nuclear collisions is to create the hot and
dense nuclear matter with (energy) densities well above the normal nuclear mat-
ter and study its various novel properties. In this report, we have provided some
basic information and recent progresses on the study of quark-gluon plasma using
relativistic heavy-ion collisions at RHIC and the LHC. Our focus was given to the
anisotropic collective flow and jet quenching phenomena, which are two most im-
portant evidences for the formation of QGP in relativistic nuclear collisions. Below
we summarize some of the main results.
From the comparison of relativistic hydrodynamics calculations with the
anisotropic flow measurements, we have found that the values of shear viscosity
to entropy ratio η/s is on average larger at the LHC than that at RHIC; this indi-
cates that the produced QGP is less strongly-coupled at the LHC. Event-by-event
fluctuation and correlation observables associated with anisotropic flow can be uti-
lized to probe the linear as well as non-linear nature of hydrodynamic response,
and can provide tight constraints on the features of the initial conditions and final
state correlations of heavy-ion collisions. The studies of longitudinal fluctuations,
pre-equilibrium dynamics as well as the collective behavior in small collision sys-
tems are important for understanding the anisotropic flow phenomena in heavy-ion
collisions. Utilizing the constraint from jet quenching measurements, various phe-
nomenological studies have shown that the average value of the scaled jet quenching
parameter qˆ/T 3 is smaller at the LHC than that at RHIC; this suggests that jet-
medium interaction is weaker at the LHC. The energy loss of full jets and the nuclear
modification of full jet substructures can provide us more differential and detailed
information about jet-medium interaction. The medium response to jet transport
is important for more comprehensive understanding of jet-medium interaction and
many jet-associated observables.
One important future task in relativistic heavy-ion collisions is to establish a
general theoretical framework which not only incorporates realistic hydrodynamics
models and jet energy loss/deposition calculations, but also allows us to simulate
the bulk matter evolution and hard jet transport together at the same time. Given
a wealth of progresses made on the study of bulk matter and hard jets in recent
years and many experimental data to come, it is hopeful that in the next few years
many remaining questions can be resolved and more quantitative understanding of
the transport properties of the QGP will be achieved.
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